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ABSTRACT 


The PM processing of speciality thin metal strips is attractive over the conventional 
strip processing routes considering its potential to the betterment of some properties by 
maintaining a very high purity and precise composition control in the final alloy. One 
such speciality strip application is the Copper-Invar-Copper laminated strip of ~ 1 - 2 mm 
thickness, used as the ‘heat sink’ in the printed circuit board which warrants matching 
coefficient of thermal expansion (CTE) with that of the ceramic substrates. The strip is 
generally manufactured through the conventional roll bonding route. In the present study 
an effort has been made to prepare the strip through the PM slurry route. Monolithic 
Invar strip was also prepared through the same route. Mechanically alloyed Invar powder 
was used in the present study. The PM slurry route consisting of slurry casting (tape 
casting)— >• sintering — >■ hot densification rolling was successfully employed to prepare 
both the monolithic and laminated strips of ~ 1 mm thickness. The evolution of a 
sound metallurgical bond between the copper and the Invar layer was studied at various 
percentages of hot densification rolling with the help of microscopic and EMPA studies. 
The tensile and 0.2% proof strength of the finished monolithic Invar strip was found to be 
higher than that achieved in the conventional route because of the contamination of finely 
dispersed tungsten carbide particles in the Invar matrix which came from the worn out 
tungsten carbide balls used during mechanical alloying. The CTE values of the monolithic 
Invar and Cu-Invar-Cu laminated strips were found to be satisfactory. The PM slurry 
route is capable of tailoring the CTE of the composite strip according to requirement by 
varying the Cu : Invar : Cu thickness ratio in the finished strip. 
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Chapter 1 


INTRODUCTION 


Thin metal strips are conventionally manufactured through the ingot metallurgy route 
which consists of static casting of an ingot or slab, followed by substantial amount of 
hot and cold rolling. The modern and more efficient method is to cast slab continuously 
followed by hot and cold rolling. There is an alternative process route available which is 
not as extensively followed as the conventional route. This alternative process route uses 
metal powders as the starting material and therefore widely known as Powder Metallurgy 
(PM) route. The PM route consists of preparing a metal powder preform, followed by 
sintering and compacting to full density through various means. Eventhough a very small 
fraction of the global monolithic sheet metal production at present is produced through 
PM route, it offers attractive prospects in the field of speciality strip manufacturing. 
There are several PM routes available for the manufacturing of thin metal strips. The 
most common and extensively followed routes are based on the roll compaction of loose 
metal powders and rolling of bonded metal powders [1]. These processes have great 
potential for making multi-layer metal strips as well. 

One specific example of multi-layer metal strip is the Copper-Invar-Copper laminated 
strip, commonly known as copper clad Invar or CCI strip. These copper clad Invar strips 
find application in the electronic packages as the expansion restraint for the Printed 
Circuit Board (PCB) structures which doubles as the heat sink due to the good thermal 
conductivity offered by the outer copper layers of the composite strips. Invar, an alloy 
of 64 wt% iron and 36 wt% nickel, is extensively used in the precision metrological and 
cryogenic applications for its extremely low coefficient of thermal expansion (CTE). Cf late 
roll bonded copper clad Invar strips have become important for application in electronic 



packages, used in both military and commercial applications, to effect efficient thermal 
management in them [2]. 

The Invar and copper clad Invar (CCI) strips prepared through conventional route 
suffers from unwanted impurity contents such as oxides, sulfur, chromium, manganese, 
silicon, carbon, etc. which in turn adversely affect the physical and mechanical properties 
of the strips. But, these strips could very well be processed through the PM route, since for 
quite some time nickel based magnatic and controlled expansion alloys are made through 
this route achieving ultra high purity and precise alloy compositions in them [3]. The PM 
processing of multi-layer strips offers good clad interface between dissimilar metals and 
the process has the potential to be made automated provided that substantial amount of 
research and development takes place in this field which is presently very much lacking in 
comprehensive R&D. 

In the ensuing parts of the thesis, Chapter-2 deals with the general aspects of PM pro- 
cessing of metal strips and the different attributes of Invar, Chapter-3 gives the scope and 
the process outline of the present study, Chapter-4 and Chapter-5 discuss the experimen- 
tal procedure and the results obtained in the present study respectively, while Chapter-6 
lists the conclusions derived from the results and Chapter-7 narrates the suggestions for 
the future work. 



Chapter 2 


LITERATURE REVIEW 


2.1 PM Processing of Metal Strips 

Of late PM processing of metal strips has gained substantial amount of importance due 
to some advantages’ offered by it over the conventional route [4], Among all the PM 
routes, processing involving roll compaction of metal powders is the most common and 
commercially attractive process for thin strip production. The roll compaction process 
has several variations and Dube [1] broadly classified them into the following categories, 

1. Routes based on the roll compaction of, 

(a) cold metal powder. 

(b) bonded metal powder in the form of a coherent strip. 

(c) hot metal powder. 

2. Routes based on the roll compaction of metal particles other than powder, e.g. 
compacted strip process. 

3. Routes based on the consolidation procesing integrated with the powder production 
process e.g. spray rolling, direct steel process, direct strip process etc. 

In view of the multi-layer strip preparation the PM routes involving roll compaction 
of (a) cold metal powder i.e. direct metal powder rolling and (b) bonded metal powder 
in the form of a coherent strip have become attractive. These two processing routes are 
discussed in the next section. The PM processing based on rolling of metal powders 
consists of the following unit operations; 



1. Preparation of ‘green’ strip from metal powder. 

2. Sintering of the green strip. 

3. Densification rolling of the sintered strip. 

4. Final cold rolling and annealing. 

The first unit operation of ‘green’ strip preparation from metal powders can be carried 
out in two different ways - (1) direct metal powder rolling and (2) bonded metal powder 
rolling. 


2.1.1 Direct Metal Powder Rolling 

In this process a coherent self-supporting green strip is produced by supplying cold metal 
powder into the roll gap of a specially designed powder rolling mill which is usually of 
2-high type but could very well be of 4-high type. The powder supply could either be 
horizontal or vertical, while the latter is preferred to avoid the difficulty of feeding loose 
powder in to the roll gap. There exists two basic methods of feeding metal powder into 
the roll gap, namely saturated and unsaturated feed systems [5]. In saturated feeding 
system an excess amount of powder is fed to the nip of the rolls where the frictional 
forces in between the powders, and the powders and the rolls and the flow properties of 
the powder determine the total flow of the powder to the roll gap. The powder head in 
the feed hopper determines the quality of the green strip after roll compaction. In the 
unsaturated feeding system, a metering device is used in the feed hopper to regulate the 
amount of powder being fed which generates considerable amount of control difficulties in 
direct powder rolling. Now a combination of the two, which is known as ‘forced feeding’ 
is usually followed to obtain acceptable strip quality. The mechanisms of roll compaction 
have been studied by many workers [6, 7, 8]. 

An interesting application of direct powder rolling in making trimetallic multi-layer 
strip is described by Dustoor [9]. A low cost steel backed aluminium base bearing strip 
was prepared following direct powder rolling which consisted of preparing an aluminium 
base bearing layer sandwiched between two surface layers i.e. trimetallic green strip by a 
powder rolling technique shown in Fig.2.1. The aluminium base bearing layer was made 
from atomized alloy powder having a composition of Al-8.5Pb-4Si- 1.5Sn-lCu, which had 
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Figure 2.1: Typical arrangement for rolling trimetallic strip (Ref. 10) 

immiscible lead in finely dispersed state in the alloy powders. The surface layer on one 
side of the bearing layer was of pure aluminium powder which allows easy cladding to a 
mild steel strip back-up and the other surface layer was of a metal powder which acted as 
a sacrificial layer (‘process powder’) which helps in separaton of the alloy strip from the 
rolls of the powder rolling mill. The process powder layer was machined off in subsequent 
bearing finishing operations. The rolling process provided sufficient shear and deformation 
of each powder prticle due to which a strong green strip resulted from the process. This 
practice was followed by Imperial Clevite Inc. Technology Centre in Cleveland, Ohio, 
USA. According to Ro and Toaz [10] it was possible to produce 100% dense green strip 
which was subsequently sintered at 813K in coil form to enhance strength and ductility of 
the strip. But there lies a difficulty in the form of variation in density across the thickness 
of the rolled green strip which could probably be attributed to the different deformation 
behaviours of powders of the various layers in the strip. In a fascinating study on the 
rolling of trimetallic Cu-Fe-Cu green strip, Katrus and Vinogradov [11] observed that 
the outside copper layers became more dense than the core iron layer under the same 
pressure indicating different deformation behaviour of copper and iron in the trimetallic 
strip. Direct powder rolling is also used to produce porous nickel strips, used in alkaline 
battery and fuel cell electodes, by using a spacing agent such as methyl cellulose powder 
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in the feeding mix prior to the roll compaction [9, 11, 12, 13]. 


2.1.2 Bonded Metal Powder Rolling 

In this process bonded metal powder is fed into the roll gap in the form of a flexible 
coherent strip. This enables the feeding of accurate amount of powder into the rolling 
mill which is difficult to achieve in direct powder rolling technique. The preparation of 
green strip by this method consists of the following basic steps as described by Dube [14], 

1. Preparation of a slurry mixture from metal powder, a binder, a solvent medium and 
a plasticizer depending on the nature of binder. 

2. Deposition of the slurry on a substrate. 

3. Drying of the slurry on the substrate which after removal from the substrate yields 
a coherent and flexible ‘green’ strip. 

4. Densification of dried strip by roll compaction followed by other operations like 
sintering, rolling, annealing etc. 

Since the major importance is given to the process of the slurry preparation, this 
is also known as ‘slurry technique’ which has some similarity with the powder injection 
moulding (PIM) process in terms of the slurry chemistry and mixing operations which 
very much depend upon the proper selection of binder, solvent and plasticizer. 

2. 1.2.1 Binder 

The binder is a temporary vehicle for homogeneously packing the powder into the desired 
shape and then holding the particles in that shape until the beginning of sintering. The 
binders are dissolved molecularly in a solvent or are dispersed in a liquid medium as an 
emulsion. Binder formulations strongly affect the rheology of the liquid phase as in the 
case of organic binders which increase the viscosity of the solvent and changes the flow 
characteristic from Newtonian to pseudoplastic in most cases. Generally binders should 
possess the following attributes [15], 

1. Flow characteristics Viscosity below 10 pa.s at the mixing temperature. 

Strong and rigid after cooling. 



Small molecules to fit between powder particles. 

2. Powder interaction Low contact angle and good adhesion with powder. 

Capillary action of particles. 

Chemically passive with respect to powders. 

3. Debinding Non-corrosive, non-toxic decomposition product. 

Low ash content, low metallic content. 

Easy decomposition at sintering temperatures. 

4. Manufacturing Low cost and easy availability. 

High lubricity for easy roll compaction. 

High strength and stiffness. 

Solubility in common solvents. 


Some example binders are paraffin wax, epoxy resin, methyl cellulose, polyvinyl alcohol 
etc. 


2. 1.2. 2 Solvent Medium 

A solvent is used to form the binder soluton. It should have low boiling point, low viscosity, 
ability to dissolve binder and plasticizer, passivity towards metal powders, non-toxicity, 
low cost and easy availability. Water is widely used as a solvent medium because it meets 
most of the attributes quite satisfactorily. 

2. 1.2.3 Plasticizer 

Plasticizers are additives which softens the binder in the dry or partly dry state. These 
are lower molecular weight organic compounds which dissolve in the same solvent medium 
as the binder does. This helps in disrupting the close affinity and bonding of the binder 
molecules thereby increasing the flexibility of the green strip [16]. The most effective 
additives contain polar anchor groups with a high dielectric character that are strongly 
attached to the powder surface. The balance of the additive molecule should also be 
soluble in the binder [15]. Some example plasticizers are glycerol, stearic acid, butyl 


stearate etc. 



2. 1.2. 4 Slurry Making and Tape Casting 

The slurry is made with metal powder, binder, plasticizer and solvent medium keeping 
the final viscosity in the range of 1 to 1000 Pa.s which makes the slurry substantially 
homogeneous over a period of time. Thixotropic behaviour arises if too high a solids 
content is used and the process is sensitive to small variations in temperature and solids 
content [17]. So a slurry composition is optimized by practice keeping in mind the demands 
for a particular system. Generally the constituents of a slurry are mixed slowly to avoid 
air bubble entrapment. To get rid of the adsorbed gases the slurry is transferred to a 
chamber maintained under vacuum. 

After removing the entrapped and adsorbed gases through evacuation technique the 
mixture is poured into a mould or a substrate with the help of a doctor blade mechanism 
to maintain the uniformity of the slurry thickness. This doctor blade assisted slurry 
casting process is also known as ‘tape casting’ and is widely followed in industry since it 
is useful for continuous processing [17]. The cast ‘tape’ is dried in the next step to remove 
the excess solvent and impart strength to the ‘green’ tape through gelling reaction in 
some water based systems. The dried tape/strip is subsequently roll compacted. In one 
investigation a 1.75 mm thick copper strip was roll compacted to about 70% thickness 
reduction resulting in a density of 80% of the theoretical value [18]. 

2.1.3 Sintering 

Sintering is the bonding together of particles when heated to high temperatures. On 
a microstructural scale this bonding occurs as cohesive necks (weld bonds) grow at the 
points of contact between particles. The roll compacted strip containing 15-20% porosity 
is low in strength and ductility, which is sintered at suitable temperature to improve 
physical and mechanical properties. Sintered strips, due to good bonding between the 
particles caused by neck growth, possess sufficient strength and ductility and is capable of 
withstanding the handling involved in the subsequent operations. Sintering also removes 
undesirable impurities e.g. surface oxide films and sulfur from the powder mass provided 
a suitable sintering atmosphere is used. The suitable atmosphere protects the green strip 
from oxidation which takes place on the surface as well as in the interior portions of the 
strip due to interconnected porosity. Generally a reducing atmosphere of either dry H 2 
or cracked NJIs is provided during sintering for a large number of systems. Inert gas 



atmospheres like N 2 and argon are another popular choice because of their non reactive 
nature. Sometimes sintering in vacuum is also carried out as it is clean, reproducible and 
relatively easy to control. This helps to avoid a low partial pressure of oxygen which can 
lead to oxide reduction for many metals. 

2.1.4 Post-Sintering Densification Techniques 

The strip obtained after sintering is quite porous though some amount of densification 
occurs in sintering which gets reflected in the improved strength and ductility properties 
of the strip. To achieve full density in the strips they are subjected to post-sintering 
densification processes which can be classified into two broad categories - (1) repeated 
cold rolling and sintering/annealing cycle and (2) hot rolling [19]. 

2. 1.4.1 Repeated Cold Rolling - Sintering/ Annealing Cycle 

Many investigators have reported of obtaining fully dense metal strips made from roll 
compacted and sintered strip by a series of cold rolling and sintering/annealing cycles [20, 
21, 22, 23, 24,]. The porosity content in the sintered strip determines the amount of cold 
rolling required for full densification of the strip. It is reported that this field lacks in 
extensive systematic studies for detailed understanding of the mechanisms involved in full 
densification. Hunt and Eborall [21] showed the dependence of the amount of cold rolling 
reduction between each anneal in a copper system on the initial density achieved in the 
preceeding anneal, the variation of density across the strip width and whether or not the 
strip is coiled after rolling. Sturgeon et al [24] studied the effect of cold rolling on the 
mechanical properties of sintered stainless steel strips which revealed an optimum peak 
tensile strength with the amount of cold reduction beyond which mechanical properties 
deteriorate probably due to fragmentaton of inclusions caused by microcracks at the 
inclusion-matrix interface. 

This process route suffers from the disadvantage that it requires several cold rolling 
and annealing cycles to produce full density strip which impairs its commercial viability. 

2. 1.4.2 Hot Rolling 

Many investigators have proposed hot rolling after sintering as a means of achieving full 
density in the metal strip [25, 26, 27]. Sintered strips having porosity content as high 
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as 80% can be hot rolled to full density in a single pass [19]. The advantage offered 
by this process are that it enables to produce full density strip in a single operation 
while reducing the sintering time and it is possible to hot roll the sintered strip from 
the sintering furnace directly after sintering, thereby saving time and energy and offering 
the possibility of continuous processing. The amount of hot rolling reduction, required 
to achieve full density in the final strip, is dependent on the initial porosity content of 
the strip and it is greater than the theoretically required reduction since some amount 
of rolling deformation goes in elongating the strip instead of closing the pores. The 
densification in this process results from compaction by rearrangement and restacking of 
particles in the system under the specified conditions. Some workers [26] have studied the 
effect of the different amounts of hot rolling reduction on the mechanical properties of the 
hot rolled strip which showed the interrelation of the initial strip density with the change 
in mechanical properties in the final strip with varying amounts of hot rolling reduction. 
Studies [28] have been conducted to find out the possibility of hot rolling the sintered 
strip direct from the sintering furnace. 

The strips hot rolled to full density are either fully cooled in a reducing atmosphere or 
partially cooled in a reducing atmosphere after water cooling and pickling, which reduces 
production time. 

2.1.5 Final Cold Rolling and Annealing 

The PM strips produced through the hot rolling route are sometimes given a certain 
amount of cold reduction and annealed before despatch, while the strips produced through 
the repeated cold rolling and sintering/annealing cycle route are invariably given a final 
annealing treatment according to the requirement before despatch. This is done to achieve 
better surface property along with better and homogeneous overall strip properties. 



2.2 


Invar - The Iron-Nickel Alloy of Low Thermal 
Expansion Coefficient 

2.2.1 Historical Background 

The very low thermal expansion of the Fe-36Ni alloy at room temperature was discovered 
way back in 1896 by the famous metrologist C.E.Guillaume and it was properly named 
‘Invar’ due to its almost negligible amount of change in linear dimensions in a certain 
range of temperature. Presently the class of Fe-Ni alloys having Ni content in the vicinity 
of 36 wt.% is known as the ‘Invar family of alloys’. Of this family two alloys are extensively 
used - one is Fe-36Ni alloy, the classical low expasion alloy, used mostly in metrology and 
electronic packaging applications and the other is Fe-42Ni alloy, used in electrical and 
electronic industry, especially in the glass to metal seal applications since its coefficient of 
thermal expansion (GTE) closely matches with that of the silicate glasses. Eventhough 
the last year (1996) .saw the centenary celebration of the discovery of Invar still a lot of 
research is going on in this wonder alloy, since the reason of its unique property is not 
yet fully understood and fundamental reaserch is needed to meet the challenges created 
by its application in the field of cryogenic engineering and electronic packaging which is 
advancing rapidly with the astronomical proliferation of information technology. 

2.2.2 Invar Effect and Magnetostriction 

The Invar alloy of 64Fe-36Ni composition has a minimum GTE of about 1.2 xlO-VK 
which is almost constant over the temperature range of 173K to 473K. This expansion 
anomaly, popularly known as the ‘Invar effect’, is pronounced only below the Gurie Point 
(Tc) which is close to 555K for Invar, beyond this temperature GTE reverts to normal 
condition i.e. it shows rapid increasing trend. The other alloys of Invar family having 
higher Ni content have low average GTE spread over a wider temperature range. But 
the 36Ni Invar maintains its low GTE down to absolute zero temperature making it an 
obvious choice for application in cryogenics [3]. 

The anomalous thermal expansion behaviour or for that matter ‘Invar effect’ is associ- 
ated with the magnetic properties of the alloy, the low expansion being a balance between 



normal thermal expansion and contraction due to ‘magnetostriction’, a phenomenon de- 
fined as the change in linear dimensions of a body resulting from magnetization which is 
also known as ‘Joule effect’ [29]. Nakamura [30] described that the anomalous expansion 
behaviour occurs just below the % of the alloys and therefore in the ferromagnetic phase 
when the temperature falls through the Tc while cooling, the structure changes from the 
paramagnetic state, in which the magnetic moments of the atoms are disordered, to the 
ferromagnetic state, where they become aligned. This transformation is accompanied by 
a change in volume caused by the ferromagnetic coupling of the moments (parallel spins), 
corresponding to the spontaneous volume magnetostriction. This change in volume due 
to the onset of ferromagnetism is superimposed on the natural variation due to the change 
in amplitude of thermal atomic vibrations as the temperature decreases, thus causing net 
low volume change with change in temperature. During heating also the same sequence 
of events take place upto the temperature Tc giving rise to very low CTE of the material, 
beyond Tc the ferromagneic state changes to the paramagnetic state causing rapid change 
in CTE with temperature. The ‘Invar effect’ and ‘magnetostriction’ are discussed in detail 
by E. du Tremolet de Lacheisserie [30]. 

2.2.3 Effect of Different Elements on The Properties of Invar 

The success of the Fe-Ni alloys especially Invar, is due to the particular physical properties, 
which are determined essentially by the concentration of the major alloying elements as 
well as by the amount of minor and trace elements present in the alloys. The Fe-Ni binary 
phase diagram is shown in Fig. 2. 2. 

2. 2. 3.1 Effect of Alloying Additions 

The remarkable low thermal expansion property of Invar mesmerized the scientific com- 
munity all over the world on its discovery, but it was subsequently found out that the CTE 
changes with time at room temperature. This ageing phenomenon is largely dependent 
on the alloying elements other than Fe and Ni. The effect of the variation of Ni content 
in Fe-Ni alloy on the CTE value is shown in Fig.2.3. 

In general the effects of such alloying elements in Fe-Ni alloy are twofold. Firstly, 
they increase the minimum value of CTE of the alloy and secondly, they modify the Ni 
content corresponding to this minimum value. This is illustrated for C, Cu, Ti, Mn and 
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Figure 2.2: Fe-Ni binary phase diagram 
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Figure 2.3: Expansion coefficient at 293K of Fe-Ni binary alloys 


Table 2.1: Effect of various elements on the mean value of GTE (from 293K to 373K) 

Element Si _ Mn Cr ' Cu Co 

change in GTE per % addition +1.3 , +1.0 +0.8 -0.1 0 

(xlO-VK) 


Cr in Fig.2.4 and 2.5. With the exception of cobalt [29] most common elements raise the 
minimum value, and the principal conclusion which can be drawn from these studies is the 
advantage of reducing the levels of residual elements in Invar. Table 2.1 gives the effects 
of various elements on the average GTE value between 293K and 373K, determined from 
multiple correlation studies on industrial heats of Invar alloy (64Fe-36Ni) [31]. 

Elements such as Cr and Cu must be controlled by careful selection of raw materials, 
while Mn and Si levels can be maintained below about 0.1 wt.% by good deoxidation and 
desulfurization practice of the Invar melt. With very low residual level of impurities in 
Invar it is possible to achieve a CTE value close to 0.8 xl0~®/K [31]. 

In the same way as the CTE, alloying additions modify both the minimum value of the 
room temperature Young’s modulus and Ni concentration at which this minimum value 
is observed. 
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Figure 2.4: Increase in the expansion minimum produced by additions of C, Cu, Ti, Mn 
and Cr. (Ref. 31) 
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Figure 2.5: Shift in the Ni content corresponding to the expansion minimum produced by 
additions of C, Cu, Ti, Mn and Cr. (Ref. 31) 
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Table 2.2: Influence of minor and trace elements on the properties of Fe-Ni alloys 


Element 

Property 

Property 


(Deterioration) 

(Improvement) 

Hydrogen 

Internal soundness 


Nitrogen 

Internal soundness 
Ductility 


Oxygen 

Weldability 

Magnetism 

Ductility 

Internal soundness 
Surface defects 


Sulfur 

Workability 

Weldability 

Machinability 

Calcium 

Weldability 

Electromagnetism 


Magnesium 

Weldability 

Magnetism 

Workability 

Aluminium 

Ductility 

Magnetism 


Carbon 

Magnetism 

Thermal expansion 



2. 2 . 3 . 2 Effect of The Minor and Trace elements 

The influence of the minor and trace elements on the properties of Fe-Ni alloys is given 
in Table 2.2. 

Among the trace elements, importance is given to sulfur and oxygen since the complex 
iteraction among them affects the behaviour of Invar during secondary processing opera- 
tions, such as chemical and mechanical machining, solidstate refining in H 2 and welding. 
Invar shows a high temperature ductility loss between 973K to 1273K which increases 
with increase in sulfur content. According to Ben Mostapha et al [32], the embrittlement 
is due to loss in grain boundary strength, related to both the segregation of sulfur and the 
formation of intergranular precipitates. Generally a common practice is to use solidstate 
refining processes such as high temperature heat treatment in pure H 2 on thin sections 
of Invar to get rid of sulfur, carbon and oxygen. Still in the conventional route it is 
not possible to systematically reduce sulfur level to a minimum and therefore it is often 
necesssary to seek a trade-off between beneficial and deleterious effects [30]. 



2.2.4 Effect of Processing Parameters on The CTE of Invar 


The physical and mechanical properties of Invar not only get affected by the presence of 
minor and trace elements in them but also by the processing attributes like amount of cold 
work, texture etc. The expansivity of fully annealed Invar is appreciatively higher than 
that of quenched or cold worked material, while quenching and cold working significantly 
lower the CTE of Invar. With higher amount of controlled cold work, the value of CTE 
can be reduced to zero or even slightly negative in the case of a Superinvar [31]. But the 
extremely low CTE values of quenched and cold worked Invar are unstable with respect 
to time and temperature. This is generally stabilized by subjecting the thin sections to 
low temperature annealing [29]. In all the annealing operations the furnace atmosphere 
should be free from sulfur as Invar is susceptible to attack by sulfur and oxygen at elevated 
temperatures. 

2.2.5 Application of Low Expansion Alloys in Electronic Pack- 
aging 

The heart of an electronic package is the Printed Circuit Board (PCB) on which electronic 
components such as Integrated Circuits (IC) are packed. The industrial manufacture of 
ICs and the performance of electronic devices depend strongly upon the development 
of new materials and processes. In particular, large scale production of ICs was made 
possible by the use of alloys with CTE matched to that of silicon. The first silicon chips 
were brazed to the supports made from Fe-29Ni-17Co alloy corresponding to the Kovar 
grade, a derivative of the Invar family of alloys. Subsequently the Fe-42Ni low expansion 
alloy supports were introduced as the lead frames for the chip carriers because of its CTE 
being very close to that of the chip substrate materials like silicon, gallium arsenide etc. 

2.2.6 Copper-Invar-Copper Laminated Strip ; A New Mate- 
rial for Electronic Packaging Applications 

The tiny electronic components mounted on the PCBs suffer from cyclic heating and 
cooling caused due to the passage of electrical current through them which results in 
cyclic expansion and contraction. This gives rise to thermal fatigue failure in them. This 
has serious implication with respect to the smooth functioning of the electronic devices. 
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One aproach to overcome this problem is to use heat conducting lead frames and ‘heat 
sinks’ which also act as an expansion restraint and are also known as ‘cold plates’. One 
very well known heat sink material is Copper-Invar-Copper laminated strips or Copper 
clad Invar (CCI) strips [2, 33]. The heat sinks are typically adhesively bonded or soldered 
to the component it supports or placed in between the layers of a multi-layered PCB as is 
shown in Fig.2.6. The roll bonded thin Cu-Invar-Cu strips are used as heat sinks since the 
CTE of the laminated strip can be custom-made by varying the thickness ratio of copper 
to Invar to suit the specific requirement. This combination exploited the high thermal 
condutivity of copper and the very low CTE of Invar to its advantage. 
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Figure 2.6: Layers of Copper clad Invar foil incorporated in conventional epoxy/glass or 
polyimide/glass board structures. (Ref. 2) 


2.2.7 PM Processing of Monolithic Invar and Copper-Invar- 
Copper Laminated Strips 

Of late the PM processed Invar alloys are attracting a substantial amount of attention 
from the researchers of many countries due to several advantages offered by PM products. 
In a recent study in the CIS [34] researchers have tried to judje the ‘Invar effect’ in powder 
metallurgy Fe-36Ni alloy by correlating the Poisson’s ratio and the CTE. There is a trend 
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of producing complex components through powder injection moulding (PIM) route. In 
a recent study [35] investigators have reported successful preparation of wave guides of 
Fe-36Ni Invar alloy, needed in electronic industry, through the PIM process. 

The Copper-Invar-Copper laminated strips are generally produced through the roll 
bonding route in which the diffusion of Cu to Invar, and Fe and Ni to copper layer take 
place due to prolonged heating associated with the process. Now large scale diffusion of 
Cu into Invar can incrase the CTE of Invar which has deleterious effect from the point 
of view of its intended application requirement. So to prevent this, the PM processing 
of Copper- Invar-Copper laminated strips can be adopted in which the process route has 
been manipulated in such a manner that the strips remain at high temperatures for a short 
time thereby reducing the chances of large scale atomic diffusion at the interface. This 
will have an added advantage from the point of impurity control and precise composition 
control in the finished strip which are the typical advantages offered by the PM processing 
over the conventional strip processing. 
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Chapter 3 


SCOPE & PROCESS OUTLINE 
OF THE PRESENT STUDY 

3.1 Scope 

In the present study an attempt has been made to prepare monolithic Invar and Copper- 
Invar-Copper laminated strips following the PM route of bonded powder rolling. The 
actual process route followed in the present study is schematically described through the 
process outline given in Fig.3.1. Slurry casting technique was used to prepare the green 
monolithic and three-layer laminated strips. Unlike the conventional bonded powder 
rolling route the green strips were not subjected first to roll compaction, instead they 
were sintered followed by hot densification rolling to full density. 

Keeping in mind, the problems associated with the rolling of the trimetallic green 
strips involving metal powders having different densification behaviour [11], the following 
aims were pursued, 

1) To study the feasibility of the slurry casting-sintering-hot rolling route for the 
preparation of monolithic Invar and trimetallic Copper-Invar-Copper strips. 

2) To study the diffusion behaviour of the constituent metallic elements along with the 
microstructural and physical evolution of the Copper-Invar interface at different amounts 
of hot rolling reduction. 

3) To study the mechanical and physical properties of the prepared strips. 
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3.2 Process Outline 
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Figure 3.1: Schematic process flow diagram followed in the present study 
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Chapter 4 


EXPERIMENTAL PROCEDURE 


4.1 Materials 

4.1.1 Iron Powder 

Electrolytic iron powder supplied by Sudhakar Products, Bombay was used. The particle 
size distribution and a typical SEM micrograph of the iron powders are shown in Fig.4.1 
and Fig.4.2 respectively. 

4.1.2 Nickel Powder 

INCO type 123 nickel powder was used. The particle size distribution and a typical SEM 
micrograph of the nickel powders are shown in Fig.4.3 and Fig.4.4 respectively. 

4.1.3 Copper Powder 

Atomimized copper powder supplied by Greenback Industries, Inc., U.S.A was used. The 
particle size distribution and a typical SEM micrograph of the copper powders are shown 
in Fig.4.5 and Fig.4.6 respectively. 

4.1.4 Binder 

Reagent grade anhydrous methyl cellulose powder having methoxy content of 28% - 32% 
was used as binder. 
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Figure 4.1: Particle size distribution of iron powder 
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Figure 4.2: SEM photomicrograph of iron powder 
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Figure 4.3: Particle size distribution of nickel powder 
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Figure 4.5: Particle size distribution of copper powder 
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Figure 4.6; SEM photomicrograph of copper powder 
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4.1.5 Plasticizer 


Reagent grade glycerol having density of 1.255 - 1.260 g/ml at 293K and ash content of 
not more than 0.02% was used as plasticizer. 

4.1.6 Vehicle Medium 

Distilled water was used as a vehicle medium for the binder solution. 

4.1.7 Gases 

IOLAR-2 grade argon and hydrogen gases were used in the present work. 


4.2 Preparation of Invar Powder 

The Invar powder was prepared by mechanical alloying (hitherto mentioned as MA) of 
high purity iron and. nickel powders in a high energy TC Attritor Mill of Torrance make. 
It had a maximum power rating of 0.74 kW and a provision for water cooling of the 
milling chamber from outside. Tungsten carbide balls of 3 mm diameter were used as the 
grinding medium. A powder mix of 64 ; 36 ratio by weight of iron and nickel powders 
respectively was mechanically alloyed in dry condition at the maximum shaft speed of 245 
r.p.m in the mill for various periods of time up to a maximum of 32 hours. The milling 
was carried out in an inert dry argon gas atmosphere using ball to charge ratio of 32 : 1 
by weight. The optimum time required for alloying was determined by X-ray diffraction 
studies carried out on powder samples drawn out from the mill at time intervals of 2 
hours, 4 hours, 8 hours, 16 hours, 24 hours and 32 hours of milling. 


4.3 Preparation of ‘Green’ Strips by Slurry Casting 
Method 

The monolithic and laminated ‘green’ strips were prepared by using the batch process of 
slurry casting method. Monolithic green strip of Invar was prepared from an Invar slurry 
and the laminated strip was prepared from the Invar slurry, and a copper slurry was used 


ov 



Table 4.1: Invar slurry composition 


Constituents 
Invar powder 
Methyl cellulose 
Glycerol 
water 


Amount 
77.17 wt% 
0.77 wt% 
2.76 wt% 
19.30 wt% 


Table 4.2: Copper slurry composition 

Constituents Amount 
Copper powder 69.97 wt% 
Methyl cellulose 0.69 wt% 
Glycerol 3.67 wt% 

water 25.67 wt% 

J 


for lamination. The composition of the Invar and copper slurries are shown in Table 4.1 
and 4.2 respectively. 

At first a dry premix of binder and metal powder was prepared and then a solution 
of glycerol in water was made. This was done to prevent the agglomeration occurring 
during direct mixing of binder with solvent. Then the premix was mixed with the aquous 
solution of glycerol in a beaker with the help of a laboratory stirrer for 10 minutes and a 
homogeneous slurry having good fiow characteristics was obtained. Mixing by the stirrer 
and casting of the slurry were done slowly and carefully to reduce the amount of entrapped 
air bubbles in the cast strips. 

The monolithic green strip of Invar was prepared by casting the Invar slurry into a 
single stage flat horizontal detachable type glass mould of size 20mm x 40mm x 6mm. 
Prior to pouring, the mould was thinly coated with oleic acid which acted as a raleasing 
agent. After pouring, the excess slurry was scrapped off the mould by a scrapper blade 
i.e. doctor blade to maintain the uniformity in thickness of the green cast strip. The cast 
strip in the mould was dried in hot air blast for 5 to 10 minutes. 

For the laminated green strip preparation a three stage flat horizontal detachable type 
glass mould of size 20mm x 40mm x h mm was used in which the height {h mm) of 
the mould was progressively built up in three stages as shown in Fig.4.7 (the individual 
thicknesses of stage-I, stage-II and stage-III were 1.5 mm, 6 mm and 1.5 mm respectively). 



In the first step, copper slurry was cast in first stage of the glass mould in a manner 
followed in casting monolithic Invar strip and it was allowed to dry in hot air blast for 5 
to 10 minutes. In the second step, the height of the mould was increased by placing the 
second stage of the mould, which is a thick hollow glass frame, on top of the first stage 
of the mould. The Invar slurry was cast in the second stage of the mould on top of the 
partially dried copper slurry previously cast and allowed to dry for 10 to 15 minutes. In 
the third and the final step the height of the mould was further increased by placing the 
third stage of the mould, again a hollow thick glass frame, on top of the second stage 
of the mould. The copper slurry was cast in the third stage of the mould on top of the 
partially dried Invar slurry and the resulting composite strip was allowed to dry for 5 to 
10 minutes. Thus a three layer laminated green strip was obtained. 
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Figure 4.7: Three stage slurry casting process (schematic) 

The green strips were dried in a hot air oven at 383K for 2 hours and the dried strips 
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were subsequently stripped off from the glass mould. 


4.4 Sintering of The Green Strips 

The green strips were sintered in a specially designed furnace. The heating chamber, 
which was heated by silicon carbide rods, consisted of an Inconel tube, 750 mm long and 
of 100 mm internal diameter and was closed from one end. The constant temperature 
hot zone of size 200 mm existed at the closed end of the furnace. The open end of the 
furnace had 200 mm. long cooling chamber where the sintered strips were cooled under 
protective atmosphere. Gases were introduced at the closed end of the chamber through 
a thin Inconel tube passing through the open end of the chamber. 

The dried green strips were sintered at 1273K for 900s in dry H 2 gas atmosphere. After 
sintering the strips were slowly transfered into the cooling zone of the furnace where they 
were cooled in H 2 gas atmosphere. 


4.5 Hot Densification Rolling of The Sintered Strips 

The sintered strips (both monolithic and laminated) were porous and contained about 
45% porosity. Therefore in order to make a fully dense strip, these were hot rolled in dry 
condition. A small hole was drilled near one end of the sintered strip through which a 
thin nichrome wire was fastened which was required for pulling the hot strip through the 
rotating rolls during hot rolling opetation. The sintered strips fastened with a nichrome 
wire were slowly introduced one at a time into the hot zone of a specially designed re- 
heating furnace interlinked with a 2-high rolling mill. Preheating for each strip was done 
at 1173K for 600s in dry H 2 atmosphere. Hot rolling was done on a single stand, non- 
reversing, 2-high rolling mill, having 135 mm diameter rolls, rotating at a ffxed speed of 
55 r.p.m. The preheating furnace was interlinked with the rolling mill in such a manner 
that the strips remained in the protective atmosphere upto the roll nip. The set up for the 
hot rolling of porous sintered strip under protective atmosphere is schematically shown 
in Fig.4.8. Thickness reduction was achieved by pulling the strip by the wire fastened to 
it and forcing the hot strip to pass through the rotating rolls set at a pre-determined roll 
gap. Soon after rolling, the strips were cooled in a bed of fine graphite chips to prevent 
internal oxidation of the strips caused by the interconnected pores present in it. The 



strips behaved well during hot rolling and there was no significant edge cracking after 
rolling. However, after each rolling pass the cracked portion of the longitudinal edges of 
the strips were trimmed to avoid growth of these cracks in the subsequent passes. The 
sintered strips were hot rolled to 24%, 32%, 53%, 66%, 72%, 77%, 83% and 85% thickness 
reduction. Upto 66% thickness reduction, it was possible to hot roll in a single pass. 
Beyond it, hot rolling was done in more than one pass. 
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Figure 4.8: Hot rolling arrangement 



4.6 Post-Densification Annealing 

During hot rolling the hot rolls were not preheated, therefore when hot sintered strips came 
in contact with the cold rolls, there was a chilling effect, in particular, on the surfaces of 
the strip. This would bring down the temperature of the surface layers leading to ‘warm’ 
working condition. Therefore the densified strips after hot rolling were annealed at 973K 
in dry H 2 atmosphere for 1800s in the horizontal tube Inconel furnace and cooled in the 
cooling zone of the furnace under the protective atmosphere. 

4.7 Characterization Methods 

Mechanically alloyed Invar powder was subjected to X-ray diffraction studies and sieve 
analysis was carried out for all the metal powders. The sintered, partially densified, fully 
densified and post-densification annealed strips of Invar and Cu-Invar-Cu were tested for 
various mechanical and physicl properties. 

4.7.1 Sieve Analysis 

Different metal powders used in the present study were characterized for particle size 
distribution by standard sieve analysis technique using the British Standard (B.S) sieves. 

4.7.2 X-Ray Diffraction Analysis of The Invar Powder 

X-ray diffraction patterns for the MA Invar powder were obatined from the X-ray diffrac- 
tometer model RICH SIEFERT ISO DEBYEFLEX 2002, Germany. Cu-Aja radiation 
was used for the X-ray diffraction studies. The optimum time of milling for alloying 
was determined by matching the obtained diffraction patterns with the ASTM Powder 
Diffraction File data. 

4.7.3 Scanning Electron Microscopy 

Different metal powder morphologies and microstructure of sintered, hot rolled and final 
annealed strips were observed under a JEOL JSM 840A, Scanning Electron Microscope 
(SEM) . The metal powder morphologies were observed dispersing the powders with ace- 
tone on finely polished brass stubs prepared especially for this purpose. For observing 



the structure and to save the pores from being filled by ductile copper during polishing 
operations, the sintered and the partially densified strips were first impregnated in vac- 
uum with low viscosity cold setting resin and these were subsequently mounted with cold 
setting powder and resin. Sample preparation for the microstructural studies consisted 
of standard emery paper polishing followed by fine cloth polishing with 0.3 /j. m alumina 
abrasive particles in suspension with water. The rolling direction along the thickness of 
the rolled strips was kept as the direction of observation. Samples were etched with FeCh 
in diluted HCl solution for 20s prior to the observation under the microscope. 

4.7.4 Electron Micro Probe Analysis Studies 

Electron micro probe analysis (EMPA) studies were carried out to obtain the concen- 
tration profile for Cu, Ni and Fe across the Copper-Invar interface in sintered, partially 
densified, fully densified and post-densification annealed strips. Both qualitative and 
quantitative studies were done to know the final composition of the invar powder pro- 
duced through MA for 32 hours. EMPA studies were conducted in a JEOL SUPER- 
PROBE JXA 8600 MX, Electron micro probe analyser. The concentration profiling was 
done at an interval of 20 /.i m on both the sides of the interface perpendicular to the rolling 
direction. 


4.7.5 Microhardness Testing 

Microhardness of the rolled Cu-Invar-Cu laminated strips was measured in a LEITZ 
MINILOAD-2 Microhardness tester for hardness profiling across the Copper-Invar in- 
terface. Readings were taken at an interval of 20 // m on both sides of the interface 
perpendicular to the rolling direction. 98.01 mN load was applied for the indentation 
purpose and the hardness was expressed in terms of HV scale of hardness. 

4.7.6 Tension Testing 

Ultimate tensile strength (UTS), 0.2% proof strength and percent elongation were mea- 
sured by uniaxial tension testing on an INSTRON-1195 machine. The testing was done 
at room temperature and at a cross-head speed of 0.5 mm. /min. Due to limited amount 



of strip rnaterial, the specimen used was not of standard specification as per BS 18 spec- 
ification [36]. However the geometry of the specimen as per above specification was 
maintained, as shown in Fig.4.9. A minimum of three samples were tested in each case. 
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Figure 4.9: Tensile test specimen (units in mm) (Ref.36) 


4.7.7 Fractography 

The uniaxial tension test fractured surfaces were observed under JEOL JSM 840A Scan- 
ning electron microscope. 

4.7.8 Density Measurement 

Density of the fully dense hot rolled and annealed monolithic invar and Cu-Invar-Cu 
laminated strips were measured by displacement method using the Archimedes’ Principle. 

4.7.9 Measurement of Coefficient of Thermal Expansion (CTE) 

The coefficient of thermal expansion (CTE) of monolithic Invar and Cu-Invar-Cu lami- 
nated strips were measured in a ULVAC-SINKU RIKO DL-1500, Thermal Dilatometer. 
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This device is used for the measuring and recording of changes in length of solids with 
change in temperature. The principle of this thermal dilatometer is based on the method 
commonly called the ‘pushing rod method’. The sample was put into a vertical tube in 
such a way that one end was parallel to the measuring movement. A push rod, made of the 
same material as the sample holder (generally, for the push rod a quartz glass rod is used 
for operation upto 1273K and alumina rod is used above 1273K) pressed lightly against 
specimen. A certain amount of pressure was applied for mounting the sample to ensure 
proper contact. A cryostat, capable of heating in the range of 103K to 573K temperature, 
was used which enclosed the whole sample holder - push rod assembly. The change in 
length was transferred through the push rod to an inductive pick-up which works on the 
linear variable differential transformer (LVDT) principle. The output voltage was fed to 
a X-Y recorder where the change in length was directly recorded. The temperature of the 
specimen was measured by a chromel-alumel thermocouple and continuously recorded on 
the second channel of the X-Y recorder, the CTE measurement was done in the ambient 
to 373K temperature range at a heating rate of IK/min. The following formula was used 
to calculate the CTE value, 

CTB= (i) 

where, Lq = Initial length of the sample in the ambient temperature, AL = Change 
in length and AT = Testing temperature range. 



Chapter 5 


RESULTS AND DISCUSSION 

5.1 Characterization of MA Invar Powder 

5.1.1 X-Ray Diffraction Studies 

The X-ray diffraction patterns of Invar powder mechanically alloyed for different time 
durations such as 2 hours, 4 hours, 8 hours, 16 hours, 24 hours and 32 hours are illustrated 
in Fig. 5.1 along with the diffraction pattern of the starting 64Fe-36Ni powder aggregate 
(0 hour). Fig. 5.1 shows progressive mechanical alloying of Ni with Fe with time at room 
temperature. 

The Fe-Ni binary alloy system has complete liquid miscibility and Ni has appreciable 
solid solubility in Fe at room temperature (see the Fe-Ni binary phase diagram in Fig.2.2). 
These facts made the room tempareture mechanical alloying of Ni with Fe less difficult. 
Fe, Ni and Fe-Ni alloy of 64Fe-36Ni composition, all have their strongest characteristic 
X-ray peaks in the 43.5° to 45° in 29 values, which overlap each other. For this Fe(200) 
peak occurring at 65.02° an Ni(220) peak occurring at 76.37° in 29 are chosen as the 
reference peaks for the determination of mechanical alloying. It can be established from 
Fig. 5.1 that the relative intensity of these two peaks diminished with progress in milling 
which indicates the alloying of Ni with Fe to form Fe-Ni alloy. At around 32 hours of 
milling these two reference peaks almost became non-existent while the strongest peaks of 
Fe(llO) and Ni(lll) also showed substantial reduction in intensity. At this stage a small 
peak at 43.5° is observed, which after indexing with the help of ASTM Powder Diffraction 
File, is found to be from the (111) plane of the Fe-Ni alloy. So, the 32 hours of milling is 



Table 5.1; Chemical composition of MA Invar 

Constituent Iron Nickel Tungsten carbide 
wt% ' , 65.61 31.56 ' 2.83 


found to be the optimal time for the preparation of MA Invar powder. 

5.1.2 Size Distribution and Shape of MA Invar Powder 

The particle size distribution of the Invar powder, mechanically alloyed in argon gas 
atmosphere for 32 hours, was obtained from the standard sieve analysis test. The particle 
size distribution is shown in Fig. 5. 2 in the form of a histogram which shows a skewness 
towards finer particle size. Almost 80% of the powder was found to be below 400 mesh 
(BS) size. 

The shape of the Invar powder obtained in the present study is shown in the SEM 
photomicrograph in Fig. 5. 3. The powders are rough and irregular shaped since they are 
formed predominantly by cold welding and fracturing of free powder particles. 

5.1.3 Chemical Composition 

The bulk chemical composition of the MA Invar powder was arrived at by conducting 
EMPA studies on a powder compact. The bulk chemical composition, an average of 20 
test points, is given in Table-5.1 (see Appendix-1 for the procedure of calculation). 

The starting material was 64%Fe-36%Ni powder aggregate but this composition could 
not be achieved in the final MA Invar powder because of relatively greater loss of Ni 
powder than Fe powder through the shaft clearence in the attritor mill during milling 
operation. The reason for this differential loss could possibly be attributed to the finer 
particle size of the starting Ni powder, which had almost 85% of its powder mass below 
400 mesh size while the starting Fe powder had 50% of its powder mass below 400 mesh 
size (see section 4.1 in Chapter-4). 

Though tungsten is appearing in the bulk composition it is not present in the alloy in 
solid solution, instead it is present as tungsten carbide in the finely dispersed form. The 
bulk carbon content (as WC) could not be analyzed because of the technical limitation 
of the EMPA device. But the presence of WC was confirmed by the qualitative EMPA 
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Figure 5.2: Particle size distribution of MA Invar powder 
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Figure 5.3; SEM photomicrograph of MA Invar powder 


test carried out on the fractured Invar strips which is discussed in section 5.2.4. The fine 
WC particles came from the worn out WC balls, used during mechanical alloying as the 
grinding media. 

5.2 Characterization and Properties of Monolithic 
Invar Strip 

5.2.1 Microstructural Evolution and Hot Rolling Behaviour of 
The Sintered Strip 

The microstructure of the sintered, full density hot rolled and post-densification annealed 
strips in the etched condition are shown in Fig.5.4 (a), (b) and (c) respectively. 

The sintered structure shows loosely sintered aggregate of the powder particles. In 
the full density hot rolled structure elongated grains of the single phase alloy are observed 
while the post-densification annealed structure shows not much change from the hot rolled 
structure which is probably due to the low annealing temperature (973K being O.SGTm 
for Invar where Tm is the melting range of Invar in absolute scale of temperature). 

The full densification was achieved at ~80% hot rolling reduction which was confirmed 
by microscopic observation and density mesurements (discussed in the next section). The 
initial sintered density of ~47% of theoretical density should ideally require ~60% hot 
reduction to achieve full density. But it required ~80% hot reduction since some amount 
of rolling reduction was spent in the elongation of the strip, the rest utilised in closing 
the pores present in the sintered strip; Moderate amount of edge cracking was observed 
during hot rolling of the monolithic Invar strip. 

5.2.2 Density 

The sintered density of the Invar strip was found to be ~47% of the theoretical density 
and the average density of the r\j 80% hot rolled Invar was found to be 8.287 g/ cc. which 
is 99.96% of the theoretical density. Theoretical density of Invar alloy of the composition 
obtained in the present study, is calculated by taking into cosideration the individual 
contribution of the different constituents of the alloy powder (see Appendix-2) . 





(b) 



Figure 5.4: SEM photomicrograph showing microstructure of (a) sintered, (b) full density- 
hot rolled (c) post-densification annealed monolithic Invar strip 
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Table 5.2: Mechanical properties of Invar strip 


Properties Values 

0.2% Proof Strength 428 MPa 
U.T.S 590 MPa ’ 

% Elongation 18 

5.2.3 Mechanical Properties 

The room temperature mechanical properties of the post-densification annealed Invar, 
found out by the tension test, are as shown in Table 5.2, 

A typical load-elongation curve for monolithic Invar is shown in Fig. 5. 5 which shows 
continuous yielding phenomenon which is characteristic of a ductile alloy. 

The mechanical strength properties of annealed Invar produced through the conven- 
tional route is discussed by Duffaut and Cozar [31]. The reported values of 0.2% Proof 
strengh, U.T.S and % Elongation are 300 MPa, 500 MPa and 30 respectively. In the 
present study the observed strength values are on the higher side and elongation value is 
on the lower side for the PM Invar. There could be two possibilities that lead to these 
unususal properties. One could be the presence of finely dispersed WC particles which 
imparts dispersion strengthening to the overall matrix. The other possibility is the pres- 
ence of some amount of cold work in the annealed strip even after annealing at 973K for 
1800s. The first possibility is confirmed by the results of the EMPA studies carried out 
on the fractured surface of the tension test specimen, discussed in the next section. The 
second possibility needs further investigation. 

5.2.4 Fractography 

The SEM photomicrographs of fractured surface of the monolithic Invar specimen after 
tension test are shown in Fig.5.6 (a) and (b). Fig.5.6(a) shows a typical ductile fracture 
characterized by the presence of dimple structures. Fig.5.6(b) clearly shows the mclusion 
seated at the centre of one such typical dimple structure. The inclusion size was found to 
be 0.3yLim in diameter. The nature of the inclusion was detected to be tungsten carbMe 
(WC) by carrying out EMPA studies on that particular inclusion site. The corresponding 
qualitative EMPA result is shown in Fig.5.7 which shows characteristic X-ray signals 
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Figure 5.5: Typical load-elongation curve obtained for (a) monolithic Invar and (b) 
Copper-Invar-Copper laminated strips 



of tungsten and carbon obtained from that particular inclusion along with the strong 
background iron and nickel signals. 

5.2.5 Coefficient of Thermal Expansion (CTE) 

The average CTE of hot rolled and subsequently annealed monolithic Invar was found to 
be 5.76 xlO /K in the 293K to 373K temperature range. The sample taken from the 
tension tested specimen showed an average CTE of 5.70 xlO~®/K. 

The average CTE values are well in agreement with the values reported for the alloy 
of this particular composition produced through the conventional route. From the works 
of Guillaume [37] it is found that the CTE value for an Invar alloy with cL ^ 32% Ni 
content falls in the range of 5 - 6 x 10“VK- Fig.2.3 shows the behaviour of CTE with 
composition of Fe-Ni alloys. The values obtained in the present study can be improved 
upon if the WC contamination in the alloy powder is checked by taking some suitable 
precautions during alloy powder production. 


5.3 Characterization and Properties of The Copper- 
Invar-Copper Laminated Strips 

5.3.1 Density 

The average relative density of the individual sintered layers of the Cu-Invar-Cu laminated 
strip was found to be 0.47 for the Invar core and 0.44 for the Cu layers. The average den- 
sity of the fully densified (85% hot rolled) Cu-Invar-Cu laminatd strip was found to be in 
the range of 8.49 - 8.51 g/cc which is 99.88% to 100.1% of the theoretical density calcu- 
lated by applying the rule of mixture taking average Cu : Invar : Cu thickness ratio to be 
15.5 : 69 : 15.5 in the fully densified strip (see Appendix-3). There is difficulty in deter- 
mining the actual densification occurred in the laminated strip by density measurement, 
since percentage densification is calculated on the basis of the theoretical density value 
which is error prone as it is determined on the basis of the Cu : Invar : Cu ratio in the 
final strip measured by metllographic technique. Nevertheless, the 85% hot rolled strip 
can be considered as fully densified. 




Figure 5.6: SEM photomicrograph of the fractured surface of the monolithic Invar strip 
showing (a) dimple structure and (b) inclusion particles seated at the centre of one such 
dimple structure. 
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Figure 5.7: Spectral lines of different elements at the inclusion site obtained from the 
qualitative EMPA studies showing (a) all the constituent elements and (b) only tungsten 
and carbon. 
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5.3.2 Microstructural Evolution 


The SEM photomicrographs of Copper-Invar interface at sintered, different degrees of 
hot rolled, full density hot rolled and post-densification annealed conditions in the etched 
state are shown in Fig.5.8 to 5.11. Fig.5.8 shows the sintered structure while 24%, 32%, 
53% and 66% single pass hot rolled structures are shown in Fig.5.9 (a), (b), (c) and (d) 
respectively. The multi-pass hot rolled structures of 72%, 77%, 83% and 85% cumulative 
hot reduction are shown in Fig.5.10 (a), (b), (c) and (d) respectively. Fig.5.11 shows the 
post-densification annealed microstructure. 

The densification in monolithic porous metal strips during hot rolling occurs through 
the following mechanisms, 

1. Transitional restacking of particles. 

2. Growth of contact area. 

3. Longitudinal flow of particles in the rolling direction. 

The initial sintered strip consisted of basically an aggregate of loosely sintered metal 
particles. The overall stresses acting on the strip during initial stages of deformation 
are, compressive in the thickness direction and tensile in the rolling direction. At the 
initial stages of deformation the powder particles rearrange and restack as the rolling 
progresses and the longitudinal elongaton in this stage is negligibly small. The end of this 
stage is marked by a situation when no further densification without longitudinal flow 
is possible by hot rolling. This situation corresponds to the closest packing among the 
powder particles and the relative density at which this occurs is a function of the initial 
size range of the metal powder. Some researchers [38, 39] have reported that this stage 
which is known as the stage-I of densification continues until a relative density of 0.70 
has been achieved in the hot rolled strip for a particular size range powder. Densification 
from the relative density of 0.70 to 0.95 i.e, stage-II densification is associated with the 
continuous growth in interparticle contact area and increase in longitudinal elongation as 
hot rolling progresses. In this stage, the interconnected porosity changes to the isolated 
one. Densification beyond the relative density of 0.95 i.e, stage-III densification takes place 
through pore fragmentation and collapsing of the opposite pore surfaces until complete 
annihilation of porosity. 
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Figure 5.8: SEM photomicrograph showing microstructure of the sintered Copper-Invar 
interface. 

In the case of trimetallic Cu-Invar-Cu strip all these three stages are visible. Fig.5.8 
and 5.9(a) show stage-I, Fig.5.9{b), (c) and (d) show stage-II and Fig.5.10(a) to 5.10(d) 
show stage-III densification. It is observed from these figures that both copper and Invar 
started elongating at the early stage of hot reduction. Copper, being more ductile, elon- 
gated more than the Invar pairticles, as also found out by Katrus and Vinogradov [11]. 
Beyond 72% reduction (Fig.5. 10(a) to 5.10(d)) both the layers elongated uniformly. At 
the final stages of hot rolling the volume change in the compact became negligible due to 
drastic reduction in the amount of porosity. 

5.3.3 Microhardness Profiles 

The microhardness values measured across the Copper-Invar interface at different degrees 
of rolling reduction are plotted with distance to form the microhardness line profiles which 
are shown in Fig.5. 12 to 5.19. The effect of percent hot rolling reduction on the average 
microhardness of the copper and Invar layers are shown in Fig.5.20. 

Since the microhardness values are often associated with instrumental as well as human 
error because of its very high sensitivity towards minimal fluctuation in the measuring 
conditions, these microhardness line profiles basically provide semiquantitative informa- 
tion. So these are not to be treated as absolute values. In all the microhardness profiles 






M photomicrograph showing different stages of densification at the Copper- 
in single pass hot rolling of (a) 24%, (b) 32%, (c) 53% and (d) 66% thickness 
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Figure 5.10: SEM photomicrograph showing different stages of densification at the 
Copper-Invar interface in multiple pass hot rolling of (a) 72%, (b) 77%, (c) 83% and 
(d) 85% thickness reductions. 




Figure 5.11: SEM photomicrograph showing microstructure of the post-densification an- 
nealed Copper-Invar interface. 
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giirc 5.13: Microhardness profile of 32% hot rolled (single pass) strip 



Figure 5.14: Microhardness profile of 53% hot rolled (single pass) strip 
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gure 5.15: Microhardness profile of 66% hot rolled (single pass) strip 



Figure 5.16: Microhardness profile of 72% hot rolled (multipass) strip 
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igure 5.17: Microhardness profile of 77% hot rolled (multipass) strip 


500 
450 - 
400 - 
350 “ 
300 - 
250 - 
200 - 
150 - 
100 - 
50 ~ 
0 

-100 



I I » 

-50 0 50 100 

<- Copper Distance (micron) Invar -> 


Figure 5.18: Microhardness profile of 83% hot rolled (multipass) strip 
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Figure 5.19: Microhardness profile of 85% hot rolled (multipass) strip 
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Figure 5.20: Effect of hot rolling reduction on the average microhardness profile of Copper 
and Invar layers. 



a plateauing off of the microhardness values on either side of the interface is observed 
at a distance starting from 25//m off the interface. The average microhardness from the 
hardness plateaus on either side of the interface for different amount of hot reduction 
are plotted in Fig.5.20. This shows that both the copper and Invar layers got densified 
almost simultaneously at the higher amounts of hot rolling reductions which is confirmed 
by the parallelity of the two curves for copper and Invar. At the initial reductions the 
average microhardness increased because of increase in the degree of random dense pack- 
ing, while at the higher amount of hot reduction the microhardness values increased due 
to reduction in porosity and overall densification. At the final stages of hot reduction the 
microhardness values became constant as the densification also reached a constant level. 

5.3.4 Concentration Profiles 

The EMPA studies were carried out across the Copper-Invar interface in the sintered, 
different degrees of hot rolled, full density hot rolled and post-densification annealed 
strips. It yielded concentration line profiles, which are shown in Fig.5.21 to 5.30. In each 
of the concentration profiles an average composition of 50% copper and 50% Invar (i.e, 
33.2% Fe and 16.8% Ni) is chosen just at the interface point since most of the test data at 
the interface conformed well with this proposition. Furthermore, accurate measurement 
of the interface composition is quite difficult, if not erroneous, considering the sharp 
appearance of the interface and the technical limitations of the EMPA device. 

It is observed from the concentration profiles that with increasing amount of hot 
rolling reduction the diffusion zone on either side of the interface is shrinking. This is 
more pronounced in case of diffusion of Cu in Invar layer than in the case of diffusion of Fe 
and Ni in the copper layer. It is further noticed that in the single pass hot reduction the 
shrinkage in the diffusion zone is negligible in the low reductions e.g, 24% and 32% (see 
Fig.5.21 and 5.22) thickness reductions which is comparable with the sintered condition, 
while for the higher amount of single pass reductions e.g, 53% and 66% reduction the 
diffusion zone shrinkage is more, see Fig.5.23 and 5.24. In case of multi-pass hot reduction 
a 72%, 77%, 83% and 85% cumulative hot rolling schedule was followed coupled with 
reheating to 973K temperature before each pass. In this case the diffusion zone further 
shrinks, which becomes almost 20 tim on either side of the interface at full densification 
(85% hot rolled condition). The post-densification annealing increases the depth of the 
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Figure 5.21: Concentration profile in sintered strip 
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Figure 5.22: Concentration profile in 24% hot rolled (single pass) strip 
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[giire 5.23: Concentration profile in 32% hot rolled (single pass) strip 



Figure 5.24: Concentration profile in 53% hot rolled (single pass) strip 
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gtiro 5.25: Concentration profile in 66% hot rolled (single pass) strip 
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Figure 5.26: Concentration profile in 72% hot rolled (multipass) strip 



Concentratk)n (wt.%) ^ Concentration (wt.%) 



[>;ur(! 5.27: Cone, (nitration profile in 77 % hot rolled (multipass) strip 



Figure 5.28: Concentration profile in 83% hot rolled (multipass) strip 
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igui'd 5.29: Concciiitration profile in 85% hot rolled (multipass) strip 



Figure 5.30: Coiieentration profile in post-densification annealed strip 



diffusion zone to 50 //m on either side of the interface. 

Since at the initial stage densification takes place bv ^ 

o pidte oy restacking and rearrangement 

among the powder particles and the degree of densification is low at this stage, the dif- 
fusion zone shrinkage is negligibly small e.g, in the case of 24% and 32% single pass hot 
reductions. With further densification as for example 53% and 66% single pass hot re- 
ductions, the relative density of both the layers increased along with some amount of 
longitudinal elongation. Thus the original diffusion zone formed during sintering gets 
compacted and somewhat elongated resulting in the depthwise shrinkage in the diffusion 
zone on either side of the interface. In the multipass hot rolling schedule, eventhough the 
strips expericmce mor(' relu^at,ing cycles (with cumulative hot reduction) than the single 
pass hot rolhvl strii)s, tlK;y (W(mtually show smaller depth of diffusion zone since longitudi- 
nal elongaf,ion is mor(^ pronounced at these higher amount of hot reductions. This causes 
the difhision zone to elongal.e p(upendicular to the thickness direction. Simultaneously 
the diffiision zoik' should also inc.rease in the thickness direction because of exposure to 
more reheating (iyclcvs. lint the; longitudinal elongation more than compensates for the 
increase in th(^ <liffusion zom; dm to reheating. This is reflected in the smaller depth of 
diffusion zoik^ of tlu; or<l(rr of 20//;m, on either side of the interface in the fully densified 
(85% hot rolled) condition. Thotigh the post-densification annealing increased the depth 
of the diffusion zom; t,o it is still (piite small compared to the overall strip thickness 

of 1000/7, m, {- 1 mm) thereby having very small influence on the physical properties of the 
individual laycus. 

Rrorri tlu^ study it is chiar that with rolls of suitable dia. if the full densification is 
achieved through a single pass ratlier than a multi-pass schedule, the diffusion zone can 
be restrict, <!d to a v('ry sma,ll d{ipl,h as the reheating cycles, which increases the depth of 
the diffusion zone:, cim tium lx; done away with. 

5.3.5 Mechanical Properties 

The room t(unp(u-ature mechanical properties of the post-densification annealed Copper- 
Invar-Copp(!r laminat<’d stri{) found out by the tension test are shown in Table 5.3, 

A typical load-(>longa,tion curve is shown in Fig.5.5 along with the same curve for the 
monolithic Invar flu' direct, (U)mi)arison purpose. The average Cu ; Invar : Cu thickness 
ratio in tlu! final strip is found out to be 15.5 : 69 : 15.5. Now applying the mixture rule 



Table 5.3: Mechanical properties of Cu-Invar-Cu laminated strip 

P?PP®rties Values 

0.2% Pr oof Strength 325 MPa 

f 486 MPa ' 

% Elongation 21 


for the theoretical strength properties in the final strip, the 0.2% Proof Stregth and the 
U.T.S are calculated to be 324 MPa and 480 MPa respectively (see Appendix-4) The 
experimentally obtained strength values exactly match with the theoretical values. Thus 


it is conlirnu'd that t.lu? ruh' of inixtun^ which is generally used in calculating the properties 
of composites can also be us('d in tlu^ C<)i)per-Invar system. 


5.3.6 Fractography 

The SEM i)lu)t.onncrogra.i)lis of th<' fractured surlace of the Cu-Invar-Cu laminated strip 
specimen alter fnnsion t(’st. art' shown in Fig.5.31(a) and (b). The characteristic dimple 
strmdnre is stH'u in llu' Invar coin while fibrous fracture is seen in the laminated copper 
layer (see Fig.5.31(l)) ), wliich is the characteristic feature of the failure of ductile copper 
under tlu' uniaxial f.t'usih^ loa,ding. 


5.3.7 Coefficient of Thermal Expansion (CTE) 

The average (T I'E of post.-d('nsification annealed Cu-Invar-Cu laminatd strip is found to 
be 8.15 X 10 '7 20 ' 1 E 1,o 373K temperature range while the sample taken from the 
tension tesf.ed six'ciim'n showetl an average CTE of 9.2 xlO“®/K. The higher value in the 
tension tested s})(*ciinen could Ixt due to tint elotigat(Kl grains of copper or could be due to 
higher atnounl, of eopptir jn't'sent in tin; specimens than that presumed since the chance 
of error in finding tin' averag<‘ tliiekness ratio of Copper to Invar through metallographic 
techniques is always appn'ciably high. This plnmomenon needs further investigation. 




(b) 


Figure 5.31: SEM photomicrograph of the fractured surface of the Copper-Invar-Copper 
laminated strip showing (a) dimple structure in the Invar core and (b) fibrous ductile 
fracture of the Copper laminated layer. 


64 


Chapter 6 


COXCLUSIOXS 


The following conclusions can be drawn from the present study, 

1) Monolithic Invar strip of ~ 1mm thickness was successfully prepared from me- 
chanically alloyed Invar powder through the Powder Metallurgy slurry route compris- 
ing of slurry casting — > sintering -> hot densification rolling. The Copper-Invar-Copper 
laminated strip of ~ 1mm thickness having average Cu : Invar : Cu thickness ratio of 
15.5 : 69 : 15.5 was successfully prepared following the same PM slurry route with a mod- 
ified three stage casting followed by sintering and hot densification rolling. This process 
route is suitable potential for continuous processing which requires extensive further study. 

2) The fully densified and subsequently annealed (at 973K for 1800s) monolithic Invar 
strip prepared from MA Invar powder showed a tensile strength of 590 MPa and 0.2% 
proof strength of 424 MPa with a tensile elongation to failure of 18%. The strength 
values are ~ 20% in excess to and elongation value is ~ 40% lower than the corresponding 
values of the conventional annealed Invar strip. However, the percent elongation value is 
sufficient enough for many applications. This difference in mechanical properties is due to 
the presence of some amount of cold work and fine dispersion of tungsten carbide particles 
of submicron size in the structure which came from the worn out tungsten carbide balls 
used during the mechanical alloying process of Invar powder preparation. 

The fully densified and then annealed (at 973K for 1800s) Copper-Invar-Copper lam- 
inated strip showed a tensile strength of 486 MPa and 0.2% proof strength of 324 MPa 
with a tensile elongation to failure of ~ 21%. 

3) The annealed monolithic Invar showed an average CTE of 5.76 xl0“®/K which 

compared well with the CTE value (in 6 xl0“®/K) of the annealed 



conventional Invar of the similar chemical composition (Fe rv/ 32%Ni). This GTE value 
can be further improved by reducing the tungsten carbide contamination in the alloy by 
adopting some suitable precautions. 

The annealed Copper-Invar-Copper laminated strip having average Cu : Invar : Cu 
thickness ratio of 15.5 : 69 : 15.5 showed an average CTE of 8.15 xlO“®/K which is sat- 
isfactory considering the chemical composition of Invar used in the present study. 

4) The microscopic and EMPA studies carried out on the Copper-Invar interface clearly 
show that a metallurgical bond between the different layers is obtained by the interdiffu- 
sion of different constituent elements. 

5) The diffusion zone depth for different elements such as Cu in Invar layer, and Fe 
and Ni in copper layer was found to be of the order of 20/im on either side of the Copper- 
Invar interface in the final full density hot rolled Copper-Invar-Copper laminated strip 
eventhough the hot densification rolling was carried out in more than one pass. With 
appropriately designed rolling mills it would be possible to hot roll the sintered Copper- 
Invar-Copper laminated strip in a single pass to full density level, which would further 
reduce the depth of the diffusion zone. The smaller size 
for the individual physical properties of both the layers 
scale interdiffusion is permitted. 


of the diffusion zone is beneficial 
which could be impaired if large 
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Chapter 7 


SUGGESTIONS FOR FUTURE 
WORK 


1) In the present study the mechanically alloyed Invar powder got contaminated by the 
tungsten carbide particles coming from the worn out tungsten carbide balls used as the 
grinding media. Therefore, a suitable alternative could be the use of Ni coated balls as 
the grinding media which should be systematically studied keeping in mind the control 
of Ni content in the final Invar powder since elemental Ni from the Ni coated balls can ' 
increase the Ni content of the final Invar powder. 

2) The microscopic study of the Copper-Invar interface in the Copper-Invar-Copper 
laminated strips having different amounts of rolling reduction gave a very qualitative idea 
about the densification mechanisms in the two layers of different deformation behaviour. 
This can be studied in detail using quantitative metallographic techniques. 

3) Further investigation can be done to tailor the CTE value of the Copper-Invar- 
Copper laminated strip to different levels by changing the Cu : Invar : Cu thickness ratio 
in the finished strip. 
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APPENDIX 


1. Calculation of The Final Composition of MA Invar 

The EMPA studies yielded the following composition of the MA Invar powder, 

Constituent Fe Ni W 
wt.% 65.73 31.61 2.66 

Now tungsten (W) is not present in the alloy as solid solution rather it is present as 
tungsten carbide (WC) and since wt.% carbon could not be arrived at from the EMPA 
studies so tungsten carbide content is extrapolated from the tungsten content by the 
equivalence method. This gave the final composition as, 

Constituent Fe Ni WC 
wt.% 65.61 31.56 2.83 

2. Calculation of Theoretical Density of Invar 

The theoretical density of the MA Invar is calculated using the following formula, 

_ Wpe + WNi + WwC _ EWi 
po - , Wm _|_ Wwc ~ 

PFe PNi PWC ^ Pi 

where, po = Theoretical density of Invar, W, = Weight fraction of ‘i’ element and pi = The- 
oretical density of ‘i’ element. 

In the present calculation ppe, Pm and pwc are taken to be 7.87, 8.90 and 15.77 g/cc 
respectively which yielded a theoretical density value of 8.29 g/cc. The respective Wi are 
calculated from the final composition of MA Invar. 
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3. Calculation of Theoretical Density of Cu-Invar-Cu 
Laminated Strip 

The theoretical density of Copper-Invar-Copper laminated strip is calculated using the 
following formula, 

PL = tinv.-Pinv. -\-tcu-PCu = 

where, pi = Theoretical density of the laminated strip, ti — Total thickness fraction 
of the ‘i’ constituent and pi = Theoretical density of the ‘i’ constituent. 

Here, thickness fraction ‘tj’ is used in place of volume fraction since thickness fraction 
is directly proportional to the volume fraction when longitudinal cross-sectional area is 
the same as is the case in the present study. Now, using 8.96 and 8.29 g/cc for pcu and 
pinv. respectively and taking Cu ; Invar : Cu thickness ratio to be 15.5 : 69 : 15.5 , the 
theoretical density of the laminated is found out to be 8.50 g/cc. 

4. Calculation of The Composite Mechanical Prop- 
erties of Cu-Invar-Cu Laminated Strip 

The composite mechanical properties of Cu-Invar-Cu laminated strip are calculated by 
using the rule of mixture. The formula used is. 

Pm tinv.-Pinv. T tCu-Pcu ~ ^ ^ tj-Pj 

where. Pm = A particular mechanical property of the laminated strip, ti = Total 
thickness fraction of the ‘i’ constituent and Pi = Corresponding mechanical property of 
the ‘i’ constituent. 

Now, taking average thickness ratio of Cu : Invar : Cu to be 15.5 : 69 : 15.5 the tensile 
and 0.2% proof strength of the laminated strip is found out to be 480 MPa and 324 MPa 
respectively. The following property values are used in the above calculation. 

Property Copper Invar 

U.T.S (MPa) 235 590 

0.2% Proof Strength (MPa) 93 428 
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